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Abstract—Integration of distributed energy resources in 
distribution systems results in change in network topology and 
fault currents levels. Particularly in case of solar based 
distributed energy resources, the fault feeding capability is 
extremely poor and a very thin margin exists between their 
loading and fault feeding capabilities. The conventional time 
inverse over current relays may not accurately and quickly 
discriminate between the normal loading and fault conditions. 
This identified protection coordination problem is addressed 
in this research article, by developing a voltage current based 
time inverse relay. The operating principle of this proposed relay 
is based on reduction in nodal voltage and marginal rise in fault 
feeding capability of PV based distributed energy resource 
connected with distribution system. The protection coordination 
problem for voltage current based time inverse relay is 
formulated as a non-linear optimization problem. In this 
optimization problem, the fitness function is defined as 
summation of operating time of all primary relays and non-linear 
constraints are constituted with five decision variables like time 
dial setting, over current pickup, voltage pickup and relay 
parameters. The proposed protection coordination is simulated 
for 8 bus test system and solved with the help of evolutionary 
based optimization algorithm. The performance of the proposed 
voltage current based time inverse relay is compared with 
conventional relay and observed that their performances are 
superior to the conventional time inverse over current relays in 
term of their operating time. 
Keywords— Distribution system; Protection coordination; 
Voltage current time inverse relay characteristic; Differential 
evolution algorithm. 
I.  INTRODUCTION  
Protection system plays a vital role in the operation & control 
of power systems. Reliability of power supply supplied to 
customers can be enhanced by design of proper protection 
schemes. Main electric power components in a power 
distribution system must be protected with protection scheme 
which should operate adequately during abnormal network 
operating conditions [1]. To provide the continuous electric 
power supply and to meet the required customer electric, 
demand,, the population of distributed renewable energy 
resources (RES) are growing in utilities networks. RES are 
preferably and potential future source of power since they are 
renewable in nature and have zero emission [2]. Traditionally, 
most of the distribution networks are radial in network with 
main supply at one end and loads will be at the other end. In a 
radial network, fault current contribution is only from one 
end.The design of protection scheme is quite simple and 
straight forward and includes fuses, circuit breaker, reclosers 
and over current relays normally [3].  
In the literature attempts have been made to control the 
impact of fault level from distributed energy resources (DER) 
[4]. These include either the application of fault current limiter 
to block the fault current from DER or disconnecting the DER 
during the faults [5]. Some papers discussed about the 
localizing the DER impact in the local area rather than 
spreading it towards the upstream transmission side. These 
techniques are quite helpful for small percentage of 
penetration level [6]. However, as the penetration level of 
distributed RES is increasing, a more robust protection scheme 
is required which can maintain the protection coordination 
during large scale penetration of DERs [7]. 
Presently penetration of photovoltaic based DER is rapidly 
increasing in India as well as in abroad. These power 
generating resources have limited fault feeding capabilities 
due to their invertor rating limitation as compare to the 
synchronous machines [8]. When these power generating 
resources are connected at remote end of utilities, these results 
in weak fault to the installed over current, which are set to 
operate for upstream large fault currents. Under these 
scenario, the over current relay based protection coordination 
scheme fails to discriminate between weak fault current and 
over load current feeded from the photovoltaic based system 
[9-10]. 
In this research article, the performance to over current 
relays is enhanced by adding an exponential term to the 
standard time inverse over current relay model. A new relay 
model is proposed which utilizes the voltage and current 
signal to enhance the operating time of the relay. The 
proposed relay model have five variables as compare to 
standard time inverse over current relay which has only Time 
dial setting(TDS) and plug setting(PS) parameters [11]. This 
relay model requires the nodal voltage and fault current as 
input signals and gives faster operating time as compared to 
time inverse over current relay. The proposed relay model is 
highly non-linear and makes the fitness function highly non-
linear in the relay coordination problem formulation. 
Differential evolution algorithm (DEA) is used to obtain the 
optimal relay settings for the proposed relay model [12]. This 
article is organized as introduction, problem formulation and 
results and discussion. 
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II. PROTECTION COORDINATION PROBLEM 
FORMULATION 
Sequential tripping of minimum number of protective relays 
for disconnection of faulty section in best minimum possible 
time is known as protection coordination. Coordination studies 
are required to select or verify the fault clearing characteristics 
of devices such as fuses, circuit breakers, and relays used in 
the protection scheme.  The best minimum possible operating 
time is obtained by solving the relay coordination problem as 
optimization problem. The relay coordination problem is 
highly non-linear in terms of fitness function and constraints 
sets. The fitness function is defined as summation of operating 
time of the primary over current relays. The mathematical 
expression for the fitness function is defined as per Eq. (1). 
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Where,“ith ”denote primary relay notation for a fault at 
location “k”. N r  is number of relays. ( )kipriT is operating time 
of primary relay “i” for fault at location “k . 
Mostly distribution systems are protected by conventional 
over current relays ( having standard time-inverse over current 
relay characteristics) and their operating time is adequate due 
high fault current feed from the upstream synchronous 
machines. But fault feeding capabilities of PV based power 
station is highly weak limited by their inverter rating. 
Therefore, operation of over current relay becomes highly 
sluggish particularly when they are only feed from the PV 
based power sources. 
In this research article, the operating time of relay installed 
in a PV feed distribution system is enhanced by proposing a 
new mathematical relay model, which operates faster for a 
small rise in the load current and noticeable fall in nodal 
voltage. The proposed relay model is compared with the 
existing time inverse relay model as per Table I below. In the 
proposed relay model the input signal are taken from current 
transformer (CT) and potential transformer (PT). The CT 
signal is small rise in load current during fault and this results 
in sluggish operating time of installed over current relays. This 
is enhanced by feeding the voltage signal to the relay in the 
proposed relay method. Operating time performance is tuned 
by proper selection of variable A and Z as mentioned in relay 
model equation for the proposed relay model in Table.1 
 
TABLE.I: COMPARISON BETWEEN CONVENTIONAL METHOD AND PROPOSED METHOD 
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2 No. of decision variables 
Two(TDS and i pickup   ) Five(TDS, i pickup , pickupv , A and Z) 
3 Time dial setting(TDS) Varies from 0.1 to 1.0 Varies from 0.1 to 1.0 
4 
Current 
Pickup( ) 
Varies from 1.5% of loading to 2/3rd of line to line 
current Varies from 1.1%  to 150% of loading 
5 Voltage Pickup( ) -- Should be less than 0.9  P.U 
6 A -- 1 to 3 
7 Z  1 to 5 
8 Relay characteristics Standard time inverse relay User defined. 
The operating time of PV feed relay is enhanced by defining a 
new mathematical operating time expression for the proposed 
relay. This is achieved by adding an additional voltage time 
inverse logarithmic function to the existing time inverse over 
current relay equation. The proposed mathematical expression 
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for the proposed method is listed in Table.1. As mentioned, in 
the proposed mathematical expression of proposed relay 
model, the operating time is inversely proportional to the rise 
in current and falls in nodal voltage and hence termed as 
voltage current time inverse over current relay in this article. 
The operating time is further enhanced by computing the 
operating time with power of A on the pickupv  and Z on the 
voltage inverse term of the operating time expression in 
operating time expression in Table 1. Z is optimized between 
1 to 5 and A is between 1 to 3 in this article. 
In the PV based connected distribution system whenever 
there is rise in the loading more than 110% of the nominal 
loading it is classified as fault condition. Since these power 
sources are weak in nature and their nodal voltage falls below 
0.9 P.U. The intersection of rise in current and fall in nodal 
voltage below 0.9 P.U is classified as operating region of the 
proposed relay. The operating time region of the proposed 
voltage current time inverse relay is marked in Fig.1 below. 
 
Fig.1: Operating region of proposed relay 
 
Selectivity Constraint 
Fault is sensed by both primary as well as backup over current 
relays simultaneously. To avoid mal-operation in the over 
current relay coordination studies, the backup over current 
relay should trip only if primary over current relay fails to trip. 
If iR  is the primary relay for fault at k and jR  is backup relay 
of iR for the same fault, then the coordination selectivity 
constraint is stated as; 
              mbkikj ttt Δ≥− ,,                                                  (5) 
where, kjt , is the operating time of the jR for fault at k; kit , is 
the operating time for the iR for the same fault at k. Where 
mb
tΔ  is known a coordination time margin and is commonly 
known as coordination time interval (CTI). In the proposed 
relay over current coordination problem it is taken as 0.3 sec. 
The proposed relay coordination problem is solved with 
the help of an evolutionary algorithm [13] and results are 
compared with other exact method. The sequence of solution 
of the proposed non-linear relay coordination problem is 
explained in Fig.2. 
Steps involved in DEA 
1. Initialize all the parameters used in differential evolution 
(DE) coding which includes upper and lower bounds, 
population size, no. of relays used.  
2. Generate the vector randomly between the given limits 
called target vector. 
3. Calculate the mutant vector by using below given generated 
target vector. 
Mutant Vectors = Best Target Vector+ F1*(Target Vector2 -
Target Vector1). 
4. In crossover it will compare with mutant vector and target 
vector and generate new trail vector. 
5. If the penalties generated are zero, then it terminates 
otherwise step-3 repeats. 
 
Fig.2: Flow chart of DEA 
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III. RESULTS & DISCUSSION 
The proposed new voltage current time inverse relay model is 
implemented in modified 8 bus test distribution system with 
DER penetration. The single line diagram of IEEE 8 bus 
system is as shown in the Figure 3. The line data and 
generators data are taken from [14]. The local circuit DG is 
connected at bus 4 of 8 bus distribution shown in Fig.3 (a). 
The local microgrid network which is connected in sub fig. (a) 
is shown in sub fig(b). The rating of each PV based power 
station is 12.5MVA. The rating of each generator is 150MVA 
in sub fig (a) of Fig.3. The penetration level of DG power in 8 
bus distribution system is 25/300=8.34%. There are 22 relays 
installed at each line end. The operating direction of each 
directional relays are marked in Fig.3.The performance of the 
proposed relay model is compared with the conventional time 
inverse relay model as under. 
 
(a) 
 
 (b) 
Fig. 3: IEEE 8bus distribution system (a) 8 bus test distribution system (b) 
local microgrid 
 
The relay coordination problem is solved as optimization 
problem and optimsed relay settings are obtained with 
standard time inverse over current relays and proposed 
voltage-current time inverse models. The optimsed TDS and 
PSM and other parameters are listed in Table II and operating 
time of each relay model corresponding to standard time 
inverse and proposed relay model is computed for line fault 
and listed in Table III.  
TABLE II: OPTIMSED RELAY SETTINGS. 
Relay 
no. 
Standard time 
inverse relay Proposed relay model 
TDS PSM TDS PSM VP A Z 
R1 0.24 2.5 0.8 2.5 0.4 3 1.7 
R2 0.11 2.5 0.13 2.5 0.5 3 2.3 
R3 0.38 0.5 0.64 0.5 0.7 1 2 
R4 0.14 2.5 0.21 1.5 0.9 1 2.5 
R5 0.39 0.5 1 0.5 0.7 1.5 3 
R6 0.22 2.5 0.59 1.5 0.8 4 2 
R7 0.35 2.5 0.98 2.5 0.4 1 3 
R8 0.29 1.5 0.1 0.5 0.7 1 3 
R9 0.4 0.5 0.56 0.5 0.6 2.5 1.1 
R10 0.11 2.5 0.28 2.5 0.5 1 2.5 
R11 0.21 2 0.6 0.5 0.9 1 2.8 
R12 0.1 2.5 0.62 0.5 0.3 5 1.7 
R13 0.25 2.5 0.65 2.5 0.6 2.5 1.4 
R14 0.39 2 0.48 1.5 0.7 1 2.2 
R15 0.36 0.5 1 1 0.5 1 2.6 
R16 0.3 0.5 0.27 2.5 0.6 4 1.2 
R17 0.11 0.5 0.46 0.5 0.5 2.5 2.2 
R18 0.45 0.5 0.44 2 0.9 5 2.8 
R19 0.35 0.5 0.83 1 0.6 4.5 1 
R20 0.29 0.5 0.14 2.5 0.6 2.5 1 
R21 0.1 0.5 0.11 0.5 0.7 2 1.5 
R22 0.2 2 0.44 2 0.9 5 2.8 
TABLE III: OPERATING TIME OF RELAYS 
Fault 
at 
middle
Standard time inverse 
relay Proposed relay model 
Ri,k 
(Ti,k) 
Rj1,k 
(Tj1) 
Rj2,k 
(Tj2) 
Ri,k 
(Ti,k) 
Rj1,k 
(Tj1) 
Rj2,k 
(Tj2) 
L-1 
 R1   
(0.586) 
 R6      
(0.897) -- 
 R1   
(0.206) 
 R6      
(0.513) -- 
 R8    
(0.678) 
 R7      
(1.317) 
 R9    
(0.980) 
 R8    
(0.067) 
 R7      
(0.524) 
 R9    
(0.555) 
L-2 
 R2      
(0.72) 
 R1    
(1.037) 
 R7    
(1.072) 
 R2    
(0.064) 
 R1    
(0.365) 
 R7    
(0.426) 
 R9    
(0.676) 
 R10     
(1.011) -- 
 R9    
(0.383) 
 R10     
(0.69) -- 
L-3 
 R3    
(0.808) 
 R2    
(1.231) -- 
 R3    
(0.742) 
 R2    
(0.317) -- 
 R10    
(0.558) 
 R11     
(0.899) 
 R16     
(0.946) 
 R10    
(0.381) 
 R11     
(1.027) 
 R16     
(0.881) 
L-4 
 R4    
(0.644) 
 R16     
(0.946) 
 R3      
(0.951) 
 R4    
(0.558) 
 R3      
(0.87) 
 R16     
(0.881) 
 R11  
(0.697) 
 R12     
(1.338) -- 
 R11  
(0.938) 
 R12     
(0.072) -- 
L-5 
 R5      
(0.66) 
 R4      
(1.03) -- 
 R5      
(0.472) 
 R4      
(0.776) -- 
 R12    
(0.74) 
 R14     
(1.066) 
 R13     
(1.054) 
 R12    
(0.060) 
 R13     
(0.866) 
 R14     
(5.998) 
L-6 
 R13    
(0.623) 
 R8    
(0.926) -- 
 R13    
(0.511) 
 R8    
(0.577) -- 
 R6    
(0.618) 
 R14     
(1.236) 
 R5      
(0.927) 
 R6    
(0.380) 
 R14     
(0.684) -- 
L-7 
 R7   
(0.729) 
 R5   
(1.247) -- 
 R7      
(0.29) 
 R5   
0.884) -- 
 R14    R9    --  R14    R9   -- 
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(0.758) (1.309) (0.439) (0.741) 
L-8 
 R15 
(0.446) 
 R11  
(0.778) 
 R20     
(0.891) 
 R15 
(0.365) 
 R20  
(0.691) 
 R11     
(0.947) 
 R16 
(0.921) 
 R18  
(1.382) -- 
 R16 
(0.798) 
 R18  
(1.10) -- 
L-9 
 R17  
(0.136) 
 R15  
(0.446) -- 
 R17  
(0.062) 
 R15  
(0.365) -- 
 R18    
(1.38) -- -- 
 R18  
(1.10) -- -- 
L-10 
 R19 
(0.434) 
 R11  
(0.778) 
 R16  
(0.921) 
 R19 
(0.361) 
 R16  
(0.798) 
 R11  
(0.947) 
 R20 
(0.898) 
 R22 
(1.649) -- 
 R20 
(0.691) 
 R22 
(1.109) -- 
L-11 
 R21 
(0.124) 
 R19 
(0.434) -- 
 R21 
(0.060) 
 R19 
(0.361) -- 
 R22 
(1.649) -- -- 
 R22     
(1.1) -- -- 
 
The over current relays which are installed in local distribution 
network of microgrid shown in Fig.3 (b) have sluggish 
operating time, when they are sensing the fault current from 
PV based system only. Their operating time is enhanced with 
the help of new proposed relay model. The operating time of 
all relays for fault in middle of their corresponding line is 
mentioned in Table IV below for both the relay models. It is 
observed that relay which are facing fault current from PV 
based power station are R22,R20,R18 and R16 during their 
primary and backup operations. Their operating time is 
enhanced significantly with the help of proposed relay model. 
The % change in operating time for relay during their primary 
and backup operation is listed in Table IV below for various 
fault locations. However, in few relays, where there is 
deterioration in operating time due to re- distribution of fault 
current due to bi-directional flow of the fault current from the 
remote end PV system. 
 
TABLE IV IMPROVEMENT IN OPERATING TIME OF RELAY WITH 
PROPOSED RELAY MODEL 
Relay 
no. 
 
Operating time (s) 
% change in 
operating time 
Standard time 
inverse relay 
Proposed relay 
model 
Primary Backup Primary Backup Primary Backup 
R16 0.921 0.946 0.798 0.881 13.35 6.87 
R18 1.38 1.38 1.1 1.1 20.28 20.28 
R20 0.891 0.915 0.691 0.691 22.44 22.44 
R22 1.64 1.64 1.1 1.1 32.92 32.92 
R1 0.586 1.03 0.206 0.365 64.84 64.5 
R2 0.72 1.023 0.064 0.317 91.1 74.2 
R3 0.808 0.951 0.742 0.87 8.1 8.5 
R4 0.644 1.03 0.558 0.556 13.35 24.66 
R5 0.66 0.927 0.472 0.884 29.1 4.6 
R6 0.618 0.897 0.38 0.513 38.5 42.8 
R7 0.729 1.07 0.29 0.426 60.21 60.18 
R8 0.678 0.926 0.067 0.577 90.11 37.6 
R9 0.676 1.3 0.38 0.74 43.34 43.39 
R10 0.558 1.01 0.381 0.69 31.72 31.68 
R11 0.697 0.8889 0.938 1.02 -34.57 -13.47 
R12 0.74 1.33 0.06 0.072 91.89 94.6 
R13 0.623 1.05 0.511 0.866 17.97 17.42 
R14 0.758 1.066 0.439 0.599 42.08 43.05 
R15 0.446 0.446 0.365 0.365 18.16 18.16 
R17 0.136 0.337 0.062 0.154 55.07 54.3 
R19 0.434 0.434 0.361 0.361 16.8 16.8 
R21 0.124 0.307 0.06 0.15 51.61 51.15 
 
In Table III, the new operating time of relays is for their 
coordinated operation is also listed as per fault location with 
the proposed relay model. In general, it is observed that there 
is remarkable improvement in their operating time of primary 
and backup relays for weak fault currents supplied from the 
PV based power stations. 
 The performance of the proposed relay model is also analyzed 
in terms of total reduction in value of the fitness function as 
per table V.  
TABLE V: FITNESS FUNCTION 
Method Fitness  function(s) %Reduction 
Standard time 
 inverse relay 16.74 48.53 
Proposed relay model 8.616 
 
The improvement in operating time and CTI for primary relay 
R20 and backup relay R22 for fault at middle of Line-10 is 
plotted in Fig. 4 below corresponding to standard time inverse 
and proposed relay model. 
Fig. 4: Operating time characteristics of R20 and R22. 
 
The convergence of the proposed fitness function is carried 
out with DEA and its performance is compared with genetic 
algorithm (GA) as per Fig.5 below. The proposed relay model 
gives the better minimized value of fitness function listed in 
Table 5. 
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Fig. 5: Convergence characteristics. 
 
 
IV  CONCLUSION: 
Operating time of a standard time inverse over current 
installed in a PV fault feed distribution feeders is sluggish due 
to poor fault feeding capabilities of PV based power stations. 
Although, the poor fault level is not a predominant threat to 
the overloading/short circuit break down of the power 
equipment in service. But these faults need to be cleared for 
safety hazards and restoration of power supply at the earliest. 
The existing over current relays are not suitable for quick fault 
clearance for such system. The operating time of conventional 
over current relays is enhanced by addition of an additional 
term to the standard time inverse over current relay operating 
equation. The proposed relay model requires two input signals 
viz voltage and current and gives fast operating time as 
compared to the standard time inverse over current relays. 
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